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Abstract: Boil-off hydrogen (BOH) loss from liquid hydrogen (LH2) storage and transfer infrastructure 

poses a critical challenge to the use of hydrogen in emerging aviation, space, and heavy-duty mobility 

applications. As LH2 infrastructure expands, it becomes paramount to identify strategies to minimize BOH 

loss, enhance exergy efficiency, and reduce safety risks associated with hydrogen leakage. This work 

presents a detailed techno-economic comparison of BOH management, including novel process designs for 

5-8 tonnes per day high flow rate BOH recovery and compression up to 700 bar, from BOH at 2 bar, 60 K. 

Compression systems include a thermally integrated three-stage mechanical  compressor-intercooler,  a 

cryogenic  re-liquefaction-vaporization  cryo-pump,  and  four  best-in-class  metal  hydride  (MH)-based 

chemical compressors, with and without thermal integration. The re-liquefaction-vaporization pathway 

(<$3/kg-BOH at 90% cumulative probability for 350 bar) reduces compression cost by 31% compared with 

best-in-class MH systems (reduction of 19% and 30% for 100 bar and 700 bar). Mechanical compression 

systems are the most expensive, however all compression systems look favorable compared with venting of 

BOH at current market prices for LH2. 

Keywords: Liquid hydrogen, Boil-off hydrogen, Techno-economic analysis, Metal hydride, Mechanical  

compression

1



1. Introduction: 

Among different hydrogen storage technologies, physical storage in either compressed gas form 

(ranging from 170 to 700 bar tanks) or liquid hydrogen (LH2) form (at cryogenic temperature of ~ -

253 °C) is well established. Due to the high densities offered by LH2 for bulk storage and transport, 

the space sector has long relied on cryogenic storage. Given the current high price of LH2 and 

concerns related to the direct emission of H2, the prevention or capture of boil-off hydrogen (BOH) 

has received increased attention from industry and the scientific community 1–3. Boil-off occurs due 

to a number of processes that drive instability in the temperature and pressure of the liquefied H2. 

Well-known examples include drops in volumetric density (i.e., reduction in mass of hydrogen per 

unit volume due to temperature rise or ortho–para conversion (spin isomers of hydrogen) causing 

thermal expansion and reduced liquid density), continuous heat ingress, temperature mismatch 

between  LH2 and  system  components,  two-phase  flow  instabilities,  intermittent  dispensing, 

sloshing during transport, and flashing during transfer or refueling events 2. Boil-off is released at 

pressures around 3-6 bar and temperatures around -243 °C or higher 4,5, with a distinctly high para-

to-ortho ratio.2,6 Loss of LH2 to boil-off is estimated at 0.1-0.3% per day from storage tanks 2, and at 

2-20% from transport or refueling transfers  7. While  insulation can reduce BOH during long-

duration  storage,  reducing  BOH  during  transfer  events  remains  a  challenge  despite  recent 

thermodynamic approaches for improvements at flow rates relevant to vehicle refueling 1.

Reducing the occurrence of BOH is an ambitious objective, and in the interim, there is value in 

capturing the BOH for subsequent use. One barrier facing the utilization of BOH as a compressed 

gas  product  is  the lack of  physical  models  representing the operation requirements  of  BOH 

pressurization  for  subsequent  use.  Injection  into  pipelines  or  gaseous  storage  will  require 

pressurization of the BOH between 100 and 700 bar. Incumbent mechanical compressors are 

inefficient at very low suction pressures, including high energy consumption and capital cost, noisy 

operation, and a deeper coolant loop to balance the thermal loads  8,9. We address this gap by 

presenting  novel  process  models,  based  on  experimental  data  and  thermodynamic  physical 

modeling,  for  mechanical  and  chemical  compression  systems  with  and  without  cryogenic 

equipment. 
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The primary motivation of this work derives from the absence of process designs, and a unified 

process  integration  and  techno-economic  analysis  (TEA)  framework,  of  BOH  compression 

strategies under the flow rates and operational conditions expected during airplane (on the order of 

5-8 metric tonnes per day: tpd) refueling, derived through correspondences with Airbus.  We 

address this research gap by presenting three novel BOH compression strategies—mechanical 

compression, metal-hydride-based thermally driven chemical compression, and re-liquefaction 

leveraging a cryopump–vaporization system similar to that proposed by Plug Power. This study 

quantifies  the  levelized  cost  of  hydrogen  compression  (LCOH) across  a  range  of  discharge 

pressures (up to 700 bar) and explores the influence of hydride properties, energy prices, capacity 

factor,  annual  BOH  throughput,  and  plant  lifetime  through  sensitivity  analyses.  This 

comprehensive comparative framework allows us to identify the dominant cost drivers in each 

pathway,  evaluate  technological  trade-offs,  and  establish  the  operating  domains  in  which 

mechanical,  MH-based,  or  re-liquefaction–driven  BOH  recovery  becomes  economically 

favorable. Understanding how these systems perform relative to one another is critical for guiding 

both technology development and infrastructure deployment.

1.1 Background:

Metal hydrides (MH) have emerged as an alternative compression technology that eliminates the 

need for mechanical moving parts by leveraging temperature-dependent equilibrium pressures for 

hydrogen absorption–desorption cycles.  Hydrides have been studied for decades as hydrogen 

storage materials and are commonly classified into families based on composition and bonding 

characteristics (e.g., AB, AB2, AB5 intermetallic, complex). TiFe-based AB-type intermetallics 

have gained attention for their use of earth-abundant materials, and for demonstrating cyclability 

(>3000 cycles), with use by several companies for hydrogen storage 10–14. MgH2 may also offer low 

raw material cost, with high theoretical capacity (>5 wt.%), and scalability; however, its intrinsic 

cyclability  in  the  bulk  state  is  limited  by  slow  hydrogen  diffusion,  surface  oxidation,  high 

thermodynamic  stability  (ΔH  ~  75  kJ/mol),  which  necessitates  much  higher  desorption 

temperatures (>300 °C), and structural degradation during repeated hydriding/dehydriding cycles. 

Importantly, recent studies have shown that through nanostructuring, engineering the structure and 

chemistry by incorporating catalysts, and composites, Mg-based systems can achieve enhanced 
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reversibility  and  stable  cycling  performance,  highlighting  that  cyclability  is  not  an  inherent 

property of bulk MgH2 but rather dependent on the design of the material 15,16. With regards to 

compression  systems,  AB,  AB2,  and  AB5 intermetallic  compounds  offer  favorable  pressure-

composition-temperature (PCT) characteristics which can be matched to the pressure targets of 

each compression stage. 27 

When considering MH for compression, experimental studies have demonstrated the feasibility of 

using AB2 and AB5 intermetallic hydrides for hydrogen compression at 700-865 bar (for AB2) 
11,12,17  and ~200 bar (for AB5)  18. Among them, AB2 MHs are known to have higher reversible 

hydrogen storage capacity, faster release kinetics, wider and tunable plateau pressure, the ability to 

reach  higher  discharge  pressures,  while  also  relying  on  relatively  lower  raw material  costs 

compared to AB5 and complex hydrides  12,19,20.  LaNi5 and Ti-based AB2 hydrides offer stable 

cycling to achieve moderate (< 100 bar for LaNi5) to high compression pressures (700-850 bar for 

Ti-Zr-Mn hydrides) at temperatures below 150 °C 12,21, whereas Mg-based alloys require much 

higher  desorption  temperatures  (>275-350  °C)  22,23.  Accordingly,  Ti-based  AB2 hydrides  are 

selected for this study due to their suitability for achieving the targeted 350–700 bar pressure range 

at moderate operating temperatures. 

Practically, MH compression is quieter in operation, has fewer failure point components,24 and can 

be configured to handle intermittent gas flow, making them attractive for handling the intermittent 

production of BOH during LH2 transfer scenarios. However, the broader techno-economic analysis 

of  MH-compression  systems  remains  uncertain  due  to  limited  data  on  hydride  kinetics  and 

reversible capacity, material costs, cycle life, and thermal management requirements. A challenge 

for  MH  development  is  that  optimal  operating  temperatures,  governed  by  hydride’s 

thermodynamics and kinetics of hydrogen absorption, are highly material-dependent, and for many 

candidate hydrides, lie below those typical of H2 streams produced directly from steam methane 

reforming  or  electrolysis  (over  20-25  °C).  Low-temperature  inflows  (e.g.,  -40  °C  boil-off 

hydrogen) could thus enable efficient MH compression25. Herein, we present process designs for 

leveraging MH to compress BOH up to 700 bar with a -40 °C to 80 °C temperature swing. While 

most prior work has focused on materials performance and pressure amplification, the literature is 

absent of efforts toward system-level integration or comparative techno-economic analysis (TEA) 
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across compression technologies or MH under consistent duty conditions, leaving a critical gap in 

assessing MH compressors for industrial BOH scenarios.

Parallel to these approaches, re-liquefaction at cryogenic conditions followed by liquid-phase 

cryo-pumping represents an alternative pathway in which BOH is first condensed back to liquid 

and subsequently gets converted to high-pressure compressed hydrogen using a combination of 

positive-displacement cryogenic pumps and ambient vaporizers 26. Since liquid phase pump work 

is much smaller than the energy required in high-pressure vapor-phase mechanical compression of 

BOH (because liquid hydrogen has a much smaller specific volume than gaseous hydrogen), this 

route  has  the  potential  to  drastically  reduce  energy  consumption  compared  to  gas-phase 

compression.  Recent  developments  in  small-scale  cryocoolers,  mixed-refrigerant  cryogenic 

cycles,  and  high-pressure  cryopumps  have  demonstrated  promising  efficiency  and  cost 

improvements 27,28, with companies such as Plug Power and Verne leading the demonstration of 

cryopumping  29,30. Upon  correspondence  with  industry  partners,  we  determined  that  a 

comprehensive  TEA  comparison  between  cryogenic  and  non-cryogenic  low-temperature  H2 

compression is a timely contribution.

2. Methods: 

Process models are developed in the ASPEN Plus software 31–33 which has been widely used in 

process optimization and economics applied to hydrogen compression, liquefaction, and hydrogen 

energy storage systems 6,33–35. Details of the system designs, process models, and cost analyses are 

provided in the following sections for 350 bar and 700 bar BOH compression systems. Parameter 

sensitivity and Monte Carlo analysis based on 50,000 simulations are performed to understand key 

drivers of performance and the likelihood of LCOH based on parameter distributions, and to 

explore  scenario-aware  outcomes  such  as  unfavorable  conditions  or  advances  in  material 

development. 

All models assume that BOH enters the capture system at -213 °C (60 K), 2 bar. Equipment is sized 

to reflect a base case nameplate capacity capture rate of 5 tpd, which equates to 1825 tonnes per 

year (tpy) annual throughput at a capacity factor (CF) of 100%. This nameplate was selected to 
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represent the instantaneous BOH capture rate during a transfer/refueling event (based on our 

correspondence with industry partners like Airbus and Stoke Space Technologies), and should not 

be equated with steady state boil-off rate or a standing LH2 inventory. Here, the CF is defined as the 

number of days the plant is actively capturing BOH in a calendar year, i.e., the number of full-flow 

operating days per year, so that the nameplate capacity of 1,825 tpy corresponds to 5 tpd at 100% 

CF. Under this definition, the low-CF (<100%) values essentially capture the realistic intermittent 

BOH capture scenario for transfer events, whereas the high-CF region represents an upper bound 

corresponding to a continuous transfer/refueling BOH capture, such as a co-located liquefaction 

facility at a large airport. In the sensitivity analysis, equipment was resized up to 8 tpd to capture 

annual throughput greater than 1,825 tpy.

2.1 Mechanical Compression System Design: We developed a multi-stage thermally-integrated 

compressor-intercooler  system,  as  illustrated  in  Figure  1.  Our  system  comprises  three 

compression stages where the discharge pressures of the 1st, 2nd, and 3rd stages of compressors 

(Comp1, Comp2, and Comp3) are 11, 60, and 350 bar, respectively. Each compression stage is 

followed by a water-cooled intercooler that reduces the discharge temperature to approximately 27 

°C,  maintaining  near-isothermal  compression  conditions  and  lowering  the  overall  specific 

compression work 36,37. Water at ambient conditions (20 °C) is employed as the cooling fluid in all 

three intercoolers. To enhance the compression efficiency, the temperature of BOH is elevated to 

27 °C upstream of the first-stage compressor, using a part of the thermal energy recovered after the 

final compression stage (Comp3), as shown by the ‘Heat Ex1b’ block and represented by the red-

dotted line in Figure 1. The thermodynamic performance of each compressor stage is evaluated 

using polytropic efficiency correlations and real-gas properties for hydrogen 37,38. Pressure drops 

across intercoolers and connecting pipelines are assumed to be negligible (<1%), corresponding to 

the stage pressure 39,40. This assumption is further justified by the large stage pressure ratios (11/2, 

60/11, and 350/60), for which typical exchanger and piping pressure losses represent only a small 

fraction of the overall compression requirement. The final product stream is compressed gaseous 

hydrogen at 350 bar, which can be stored in high-pressure tanks for further utilization. The state 

point conditions for compressing BOH in this system at 350 bar are given in  Table S1 in the 
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electronic  supplementary  information  (ESI).  This  integrated  design  provides  substantial 

reductions in external heat demand and compression work relative to a non-integrated baseline 

system.

Figure 1. Schematic of the system and the key processes involved during multi-stage BOH compression 
using mechanical compressors. A part of the compression heat is used to raise the temperature of incoming 
BOH (in Heat Ex1a) to reduce the net heat load of the system. LH2: liquid H2; GH2: gaseous H2; l: liquid; g: 
gas; comp: compressor.

2.2 Re-liquefaction-Vaporization System Design: The re-liquefaction–vaporization-based BOH 

recovery  system  represents  a  highly  integrated  cryogenic  process  designed  to  maximize 

thermodynamic efficiency with reduced capital intensity. In this design, BOH first passes through a 

pre-cooling and re-condensation sequence rather than a conventional multi-stage gas compressor. 

The BOH feed is first precooled by indirect heat exchange with the returning cold liquid hydrogen 

stream exiting the downstream cryogenic section. This step primarily recovers internal cold energy 

and reduces the external refrigeration demand. In the subsequent precooling stage, the BOH stream 

is cooled against liquid helium (l-He) in a pre-cooler heat exchanger, lowering its temperature 

further from the initial boil-off condition (-213 °C) to about -233 °C (~40 K). This l-He-based pre-
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cooling step removes the majority of sensible and latent heat from the BOH stream, ensuring that 

only a small residual refrigeration load must be handled by the cryocooler. After pre-cooling, the 

BOH stream is pressurized at 20 bar before the final cryogenic treatment. Subsequent refrigeration 

is provided by a cryocooler coupled with a catalytic ortho-to-para hydrogen (o-pH2) conversion 

reactor located at the lowest temperature region of the cold box. This catalytic conversion drives 

the residual  o-H2 fraction in BOH to equilibrium p-H2 within the reactor, where the associated 

exothermic heat is released together with the sensible and latent cooling duty by the cryocooler at 

that stage. This stabilizes the hydrogen phase and prevents self-heating and vapor regeneration of 

already condensed liquid hydrogen downstream. For the initial BOH feed at 60 K, 2 bar, we 

assumed the feed stream comprises of 20% o-H2 and rest 80% p-H2 5,6. The o-p conversion reactor 

not only enhances the thermodynamic stability of the condensed hydrogen but also reduces the 

cryocooler load by internalizing exothermic heat release. While the o-p conversion heat itself is a 

part of the cryocooler duty, the p-H2-enriched BOH feed keeps the duty small and prevents any 

uncontrolled conversion, and all this heat duty is retained to calculate the necessary electrical shaft 

power used to compute the specific energy consumption of the system. The resulting high-purity 

LH2 (at 100% p-H2) can be routed back to LH2 storage, or in this study, we assume it is routed to a 

cryogenic liquid pump. 

The cryogenic  liquid  pump,  comprising  two positive-displacement  (PD)  stages  (for  350 bar 

compression)  and an intercooler  to  lower thermal  load,  pressurizes  the LH2 directly  to  high 

pressure (>300 bar) with minimal energy input. The compression work gets reduced significantly 

due to the high density and low compressibility of the liquid phase because liquid pumping work 

scales approximately with ΔP/ρ (rather than with  P . ln( P2

P1
) in gas compression). Cryopumps 

typically consume ~10-20% of the required energy of an equivalent mechanical gas compressor 

(~5-10× lower shaft power) 41. The pressurized LH2 enters a vaporizer, where thermal energy can 

be  used  to  convert  it  to  gaseous  hydrogen  at  dispensing  conditions.  This  re-liquefaction-

vaporization design leverages available low-grade heat (ambient air, facility cooling-water return, 

or intercooler waste heat) to further minimize the utility demand. Heat rejected from the intercooler 

between the cryo-pump stages is reintegrated upstream in the pre-cooling section, creating a closed 

8



thermal loop that eliminates the requirements of any external refrigeration systems. The system 

additionally avoids high-temperature reactors and cycling-induced thermal stresses inherent to MH 

compressors,  enabling  higher  reliability  than  MH-based compression  systems.  State  point 

conditions for this system are given in Table S2.

2.3 Metal Hydride System Design: The MH-based hydrogen compression system is designed to 

effectively compress BOH using a two-stage process that incorporates two parallel compressor 

trains (as denoted by two half-cycles), where the MH bed reactor is modeled as a custom block. In 

this block, the reaction enthalpy during absorption and desorption phases is accounted for. BOH 

enters the system, where it is first preheated and transferred through a heat exchanger (HX1) to 

reach -40 °C. The hydrogen at  -40 °C then enters  the first  low-pressure compression stages 

operating simultaneously in parallel (Comp-1LP, and Comp-2LP) packed with MH, where it is 

compressed to 30 bar, with heat being added to facilitate the endothermic desorption of hydrogen 

from the MH beds. After the desorption from these two low-pressure compressors, hydrogen at 30 

bar and 80 °C enters the hot side of the integrated intercooler, which uses compression heat (from 

80 °C to -10 °C) to preheat the oncoming BOH, thereby eliminating the need for an external 

refrigeration  unit  and  reducing  energy  demand  effectively  25.  The  subsequent  high-pressure 

compression (HP Comp) stage, packed with MH, raises the hydrogen pressure further to 350 bar. 

This parallel system works in a way that when Comp-1LP is absorbing hydrogen downstream of 

the heat exchanger (HX1), Comp-2LP is simultaneously desorbing H2 at 30 bar, and vice versa for 

high-pressure MH compressor beds, as we mentioned in one of our recent works  25. This non-

refrigerated novel integration strategy leverages synchronized hydrogenation and dehydrogenation 

cycles across multiple hydride beds in each stage, allowing for continuous operation and higher 

throughput 24,25. While the process model could in theory be used to evaluate any class of MH, the 

selection of MH remains critical. 

In our base case, we employed Ti-Zr-Cr-based AB2-type hydride (from Ti2-zZrzCrMnFeNi family, 

with z=0.2-0.4) for compression up to 350 bar (Figure 2), for their favorable desorption kinetics. 

Achieving  high-pressure  desorption  from MgH2 requires  significantly  higher  thermal  energy 

compared to lower-enthalpy hydrides, and as such MgH2 is only included as an option for 100 bar 

compression 23–25. Additionally, for comparison under low-pressure, low-temperature absorption 
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conditions, a 350-bar hybrid MH case is considered that employs two distinct MHs in each of the 

two compression stages: Hydralloy C5 for the low-pressure stage42 and a Ti–Zr–Cr–based AB2 10,25 

for the high-pressure stage. For the first compression stage, the relevant design criterion is that the 

hydride must absorb BOH coming at the cold-end condition (~-40 °C, 2 bar). Hydralloy C5 

satisfies this low-pressure requirement more naturally, with a reported mid-plateau absorption 

pressure of ~1.5 bar at -30 °C, whereas the Ti2-zZrzCrMnFeNi family exhibits substantially higher 

plateau pressures for z=0.2-0.4 43. For 700 bar applications discussed in Section 3.7, two different 

Ti–Zr–Cr–based AB2 MH is applied, given their demonstrated ability to store hydrogen at high 

plateau pressures of up to 800 bar  25. An effective thermal management system, incorporating 

internal heat exchangers and intercoolers, is essential to regulate the temperature swings required 

for hydrogen absorption and desorption, which strongly influences the system’s efficiency and 

cycle time 44. This approach enables the system to achieve high compression ratios with reduced 

temperature  swings  compared  to  single-stage  compressors,  improving  energy  efficiency  and 

reducing  operational  costs.  Overall,  the  integration  of  feasible  heat  management,  optimized 

hydride  materials,  and  synchronized  cycling  strategies  is  central  to  the  development  and 

performance of MH-based hydrogen compression systems 44,45. 

We note that the MH compression performance reported here is a prospective, model-based system 

where the results are constructed using the experimentally measured MH properties: pressure–

composition–temperature (PCT) isotherms, reversible/usable capacity of hydrogen at operating 

pressure ranges, plateau pressures, desorption enthalpies, and reported cycle-life ranges, combined 

with steady-state mass and energy balances for a two-bed half-cycle configuration (proposed in a 

previous study from our group  25, as per  Figure 2). The competitive advantage of MH-based 

systems is contingent on the underlying material and kinetic assumptions. For our analysis, based 

on the designed assumption of a 5 tpd BOH capture rate and a nameplate capture capacity of 1,825 

tpy, we have theoretically calculated the MH requirements in each case based on their PCT curves 

and related thermodynamic and operating conditions (Table S3). Additionally, we also note that 

transient desorption kinetics, thermal coupling, and achievable absorption-desorption cycle times 

remain the major sources of uncertainty and would require a dynamic, multi-bed prototype rather 
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than  the  quasi-dynamic  system  we  designed  for  this  study.  We  also  identify  experimental 

validation of the integrated dynamic compressor as a necessary direction for future work.

Figure 2. Schematic of the 2-stage MH-based hydrogen compression system with integrated thermal 
management. The intercooler is working as a heat exchanger (HX) to increase the temperature of the 
incoming BOH, utilizing the compression heat after the low-pressure compression (LP Comp) stage at 30 
bar. In the hybrid system (section 3.3(b)), and 700 bar compression system (section 3.7), the LP and HP are 
packed with different types of MH materials. In the scenario of with a refrigeration loop (section 3.3(a)), 
there is no integrated intercooler, so the heat rejected by the LP compressor during desorption is taken away 
by the evaporator of the refrigeration cycle.

2.4 Cost and Uncertainty Analysis Methodology: The economic analysis is based on 2024 

economic data. The LCOH is evaluated over an assumed plant operational period of 30 years with 

a capital expenditure period of three years (33 years total). The total overnight cost is assumed to be 

100% depreciable over 20 years at a 150% declining balance 46,47. After-tax weighted average cost 

of capital for an investor-owned utility with 55% debt financing is 4.73% (real) 46,47. Tax rates are 

21% (federal) and 6% (state) 46,47. This financing structure results in a capital charge factor (CCF) of 

0.0710. LCOH is determined using equation (1), and LCOH here represents the cost of capturing, 

compressing, and storing BOH in the first year, calculated by considering factors like the capital 

charge factor (CCF),  the total  cost  of building the facility (TOC), fixed and variable annual 

operating costs (OCfix and OCvar), the plant's utilization capacity factor (CF), and the expected 

annual quantity of BOH being captured and stored at full capacity, i.e., annual capacity (AC).
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LCOH=
(CCF∗TOC+OCfix+OCvar .)

(CF∗AC )
where AC≠0

(1)

The TOC is the total overnight capital expenditure, and it includes the total plant cost (TPC) as well 

as pre-production costs, inventory capital, financing costs, land, and other owners' costs 47,48. The 

capital  cost  for the plant is  estimated by identifying all  major components incorporated into 

purchased equipment cost (EC) and assigning cost values and scaled cost either based on vendor 

data, literature, cost correlations, ASPEN Process Economic Analyzer (APEA) and then updating 

them to the reference year (in this case 2024) using the Chemical Engineering Plant Cost Index 

(CEPCI)  33,39,49–52.  The scaled cost (SC) is determined by using the reference cost (RC), annual 

escalation rate (AER), scaled year (SY), and respective reference year (RY). In order to scale the 

equipment size, the scaling parameter (SP), and the reference parameter (RP) at reference scale are 

used along with the scaling exponent (u), found in literature for different sets of plant-based major 

equipment. Additionally, an exponent of 0.9 is used to account for cost reduction when multiple 

units of the same equipment are purchased and installed.  For the analysis, all costs are escalated to 

the year 2024 using an annual escalation rate of 3%. Finally, the scaling cost (SC) to the relevant 

analysis year is achieved by equation (2-3).

SC=RC.(1+AER )SY−RY (2)

SC=RC.( SP
RP

)
u

∗( TS
TR

)
0.9 (3)

Fixed operating costs (OCfix) include property tax and insurance at 2% of the TPC and operating 

labor. Operating labor for the BOH compression-storage facility at the relevant scale is estimated at 

100% CF, with skilled operators paid at an hourly rate of $38.50, based on the median salary for 

power plant operators. It is estimated that the labor burden accounts for 30% of the operating costs, 

and an additional 25% will be allocated for overhead expenses. Maintenance costs are assumed to 

be around 3–5% of installed capital per year. Maintenance-related labor expenses are assumed to 

account  for  30-40% of  total  maintenance  costs,  while  maintenance  materials  contribute  the 

remaining,  and  administrative  and  support  labor  are  25%  of  the  combined  operating  and 

maintenance labor costs 39,47,48,53. Operators per shift are derived from Turton 39. 
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Variable operating costs (OCvar), such as maintenance expenses, are dependent on the operation 

hours  of  the  plant.  OCvar includes  items  like  fuel  (electricity  at  $300/MWh),  cooling  water 

($3/tonne), liquid helium ($15/liter)54, and catalysts that are consumed. We assume an iron-based 

oxide, commercially known as IONEX35,55 catalyst at $2.19/kg, with a lifetime of approximately 2 

years  for  the  o-H2 to  p-H2 conversion  during  liquefaction,  based  on  import  data  on  Zauba. 

Experimental  and plant-scale data for hydrous IONEX catalysts show no measurable loss in 

activity over at least five months of continuous operation (processing ~100,000 L of liquid) and 

repeated thermal cycling 56.  Given that the present system processes para-enriched (20% p-H2) 

BOH, resulting in significantly lower conversion duty, catalyst degradation is expected to be 

dominated by contamination rather than intrinsic activity loss. Therefore, a 2-year catalyst lifetime 

is  adopted  as  a  conservative  yet  realistic  assumption  for  techno-economic  analysis.  For  the 

mechanical system, single or multi-stage diaphragm or piston-type compressor intercooler setups 

are designed and sized based on the BOH flow rate and operating conditions. For the MH-based 

system, the major components included MH reactors (containing materials like MgH2, Hydralloy 

C5, and AB2-type Ti-Zr-Cr hydrides), heat exchangers, intercoolers, flow control systems, and 

safety valves. The cost of MH is estimated based on raw material prices, a gross profit margin, and 

an estimate of energy costs necessary to manufacture the MH. In this work, the raw material cost 

for production is taken from available online resources and listed in Table S4, and utility pricing is 

added in order to reflect realistic manufacturing expenses in accordance with the methodology used 

in the techno-economic analysis presented in by Nandiyanto et al. 57. In addition, the gross profit 

margin (GPM) is added to the final MH cost following the same ratio and calculation approach 

reported in the earlier study to quantify profitability relative to sales and cost of MH sold. From 

this, we find MgH2 cost is estimated at $25–35/kg, and other AB2  hydrides used for the current 

analysis are within $40–80/kg 57,58. Our correspondence with alloy manufacturers of a titanium-

based MH suggests these values are conservative. The equipment cost of heat exchangers in the 

compression  and  re-liquefaction-vaporizer  system  is  estimated  using  standard  literature 

correlations for shell-and-tube and cryogenic plate-fin units, following established methods from 

Turton et  al.  39 and recent cost  models reported in  Shamoushaki et  al.  59 (2021),  along with 

liquefaction capital expenditure benchmarks from DOE H2A. 60
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Balance of plant (BOP) costs—including piping, electrical wiring, instrumentation, and insulation

—are estimated as a fraction of the equipment cost, typically adding 50–70% of the total major 

equipment costs  64,65. Installation and construction costs  are estimated at 25–40% of equipment 

cost, depending on system complexity 64. A Lang factor (fL) of 2.5–3.0 is applied for packaged 

systems and 3.5–4.5 for field-installed units to estimate the total installed capital cost 66. 

The total fixed capital cost (Ccap) for the system is calculated using Equation (4),

Ccap=Cequip . (1+ f BOP+ f install )× f L
(4)

where 0.5<f BOP<0.7; and 0.25<f install<0.40.

For MH systems, electricity consumption is primarily associated with heating (resistive or waste 

heat augmented) and control systems, whereas for mechanical systems, compression work is the 

main source of electricity demand. Material replacement costs for MH systems are modeled based 

on representative hydride degradation and replacement cycle frequency, with lifetimes ranging 

between 2,000 and 10,000 cycles 67,68.

Key variables identified through the previously described sensitivity analysis are further evaluated 

in both deterministic and probabilistic uncertainty analyses. A deterministic uncertainty analysis is 

used to explore the combined effect of practical near-term system and material improvements on 

levelized cost and total plant cost. Considerations such as setback space footprint and safety costs 

are not considered. Monte Carlo uncertainty quantification in which all economically influential 

parameters are varied simultaneously is performed to conduct a probabilistic uncertainty analysis. 

We  sampled  50,000  trials  spanning  parameter  distributions  reflected  in  the  deterministic 

uncertainty analysis:  annual throughput of BOH (600–1,825 tpy),  plant operating life (10-40 

years), installation and balance-of-plant (BOP) factors (0.7–1.3× and 0.45–1.15×), and electricity 

price (0.4–2.5×base case), together with the MH-specific hydride material cost ($20–80/kg), cycle 

life (1000–10,000 cycles), and usable H2 uptake (1.0–2.0 wt.%), and liquid helium price for the re-

liquefaction-vaporization system ($5–40/L). Because a single deployment site imposes a common 

economic environment across all pathways, each of these cost drivers (throughput, plant life, 
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installation, BOP, material and electricity prices) is drawn once per trial and applied to all three 

systems, so that the analysis can give us a robust ranking.

3. Results and Discussion:

3.1 Low-Pressure Mechanical Compression: Mechanical compression up to 350 bar at 5 tpd 

nameplate and 100% CF consumes 5.86 GWh of electricity annually, corresponding to 89 % of the 

electric load. This corresponds to a specific energy consumption (SEC) of 3.21 kWh(e)/kg-H2 

compressed. Commercial data of compressing hydrogen at 350-360 bar indicate SEC of ~4.2-7.5 

kWh(e)/kg-H2 for  large  compressors,  with  some  multi-stage  systems  reaching  8.3–11.2 

kWh(e)/kg-H2, 37 and this goes to 4.9 kWh(e)/kg-H2 when compressing from 1 bar, 27 °C to 350 

bar. In this study, the lower SEC is obtained mostly due to thermally integrated inter-stage heat 

recovery and the preheating of BOH feed (Figure 1), as well as the favorable inlet conditions of 

BOH compared to ambient-temperature hydrogen. The LCOH is estimated at $5.12 /kg-H2, with 

overnight capital cost responsible for 48% ($2.48 /kg-H2) and driving associated fixed operating 

costs at 27% ($1.36 /kg-H2) (Figure S1a). The TPC of $28.5 million itself contributes $2.03 /kg-

H2, highlighting the capital-intensive nature of conventional mechanical compressors. Concepts 

for optimizing the CAPEX by making compact compressor configurations, a modular system, and 

lowering hardware costs associated with auxiliary cooling systems and safety infrastructure could 

be opportunities for cost reduction, but are not explored further in this analysis. Among variable 

operating costs, maintenance materials ($0.52 /kg-H2) and cooling water demand for intercoolers 

($0.54 /kg-H2) constitute the largest shares, whereas electricity required for compressor operation 

($0.23 /kg-H2) is relatively low and moderately sensitive to the price of electricity, assumed to be 

300 $/MWh (Figure S1c). 

At 5 tpd nameplate capacity, LCOH drops significantly when used 100 or more days per year (or  

more than 27% CF) to increase annual throughput. The LCOH decreases sharply from $17.8 /kg-

H2 at 250 tonnes per yr (50 days) to ~$3.5-4.0 /kg-H2 at 1500–1800 tpy (300-360 days), which 

reflects improved utilization of initial higher CAPEX and lower per-unit operating expenditures 
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(Figure S1b). Interestingly, when the system’s operational lifetime is shortened to 10 years, the 

LCOH increases by ~50% to $7.84 /kg-H2, which reflects the fact that a 10-year project period does 

not provide sufficient time to recover the overnight capital expenses incurred. Overall, the analysis 

highlights that scale, energy price, operational years, and operational-spare train combinations 

(depending on operational need and duty requirement for continuous runtime) are the primary 

levers controlling the economic performance of mechanical BOH compression systems (Figure 

S1c).  Neither  energy demand nor  process  efficiency scale  strongly  with  a  higher  nameplate 

capacity of 8 tpd.

3.2  Low-Pressure  Cryogenic  Compression:  For  the  re-liquefaction-vaporization  pathway 

(Figure 3a), liquefaction and cryogenic pumping dominate electricity consumption, requiring 

approximately 1.74 GWh of electricity annually, corresponding to an SEC of 0.95 kWh(e)/kg-H2 

compressed. The SEC here includes the electricity required for (a) the He-precooler shaft work, (b) 

cryocooler shaft work rejecting the residual sensible, latent, and o-pH2 conversion heat, (c) the 

2→20 bar compressor work, and (d) the multi-stage cryogenic pump work. Table S5 decomposes 

this 0.95 kWh(e)/kg-H2 into the pre-cooler, cryocooler, compressor, cryogenic pump, and auxiliary 

duties. When used for re-liquefaction, rather than coupled with cryo-pumps for compression, we 

find the proposed system can re-liquefaction BOH for $1.83 /kg-H2. When this re-liquefaction loop 

is integrated with the liquid PD-pump-based pressure rise and vaporization train to achieve 350 bar 

gaseous H2 product, the LCOH goes up to $2.51 /kg-H2, as shown in the cost distribution plot 

(Figure  3b).  Overnight  capital  accounts  for  roughly  47%  of  total  LCOH  (~$1.18  /kg-H2), 

dominated by the cold-box equipment and cryogenic PD pump systems, and associated fixed 

operating costs are proportionally high. We note that we may be overestimating operating and 

administrative labor since these tasks are likely to be shared with existing LH2 storage operations. 

Catalyst costs (here, iron-based oxide is used, IONEX35,55) for o-pH2 conversion are negligible, 

whereas liquid helium purchase represents 6% of the total cost. 

Similar to mechanical compression,  the LCOH is strongly influenced by CF or annual plant 

throughput required to pay off fixed equipment capital costs (Figure 3c and 3d).  Increasing 

throughput beyond 500 tpy makes this system more cost competitive compared to mechanical 

compression; however, LCOH begins to flatten at ~1,200–1,500 tpy, corresponding to ~240–300 
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operating days (capacity factor ≈65–80%). When considering drivers of costs (Figure 3d), it is 

worth  noting  that  several  parameters  could  compound to  an  unfavorable  cost  point  for  this 

technology. Specifically, re-liquefaction efficiency, liquid helium and electricity costs could occur 

simultaneously.  Re-liquefaction efficiency defines the fraction of BOH that condensed back to 

liquid per cycle/pass (can also be termed as re-condensation ratio or BOH recovery fraction). Re-

liquefaction efficiency is one of the critical factors for this system since it is necessary that only 

liquid hydrogen enters the pump-vaporizer system. Reducing re-liquefaction efficiency from 100% 

to 80% increases LCOH by ~$0.50 /kg-H2, reflecting the high penalty of increased l-He pre-cooler 

and cryocooler load. Overall, the results indicate that scaling, cold-end efficiency, and cryogenic 

utility pricing dominate the cost structure, and optimizing these levers is essential for minimizing 

the LCOH of the integrated re-liquefaction–vaporization system.

Figure 3.  Integrated re-liquefaction and cryogenic liquid-pump 350 bar compression system for BOH 
recovery and techno-economic cost distribution; (a) schematic of the re-liquefaction–vaporizer based BOH 
compression  configuration,  where  BOH  is  re-condensed  using  l-He  and  cryocooler-assisted  heat 
exchangers, then pressurized in the liquid phase and vaporized to high-pressure compressed hydrogen (CH
for dispensing, (b) Techno-economic breakdown showing a levelized cost of $2.51 /kg-H2,  (c)  Effect of 
annual BOH capture rate on the levelized cost this system, (d) Sensitivity results of the integrated system 
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showing the impact of key technical and economic parameter ranges provided in parenthesis on levelized 
cost of BOH capture.

3.3  Low-Pressure  Metal  Hydride  Compression: The  base  case  MH  system  uses  Ti2-

xZrxCrMnFeNi-based MH (Ti1.6Zr0.4CrMnFeNi) in two stages without using BOH as a refrigeration 

loop. The system was evaluated with BOH as a means of system cooling, but this configuration was 

not cost effective. For this MH, we assume a working reversible H2 capacity of 1.5 wt.% at 350 bar 
25,69. The material cost of Ti1.6Zr0.4CrMnFeNi MH is estimated at $38/kg, which incorporates the 

raw elemental, energy cost, and GPM. A second design uses a hybrid MH system which employs 

Hydralloy C5 (Ti0.95Zr0.05Mn1.46V0.45Fe0.09) estimated at $52/kg for 1st stage compression at 1.3 wt.% 

at 30 bar 43,70 and Ti1.6Zr0.4CrMnFeNi for 2nd stage for compression at 350 bar. For low-pressure 

(100 bar) BOH compression, we present a system using MgH2 estimated at $30/kg at 5.2 wt.% at 

100 bar. The absorption and desorption pressure-temperature ranges, and temperature swings per 

stage  are  included  in  Table  S3 for  the  three  proposed  low-pressure  MH  compression 

configurations. The best-performing system for 350 bar (reflected in the base case) is subsequently 

modeled  for  700  bar,  as  described  in  Section  3.7.  The  high-pressure  system  uses 

Ti1.8Zr0.2CrMnFeNi in the 2nd stage compression to improve thermodynamic performance.

(a) Base case: The Ti1.6Zr0.4CrMnFeNi-based 350 bar compression system requires 11.72 GWh of 

thermal energy (corresponding to a SEC of 6.42 kWh(th)/kg-H2 compressed) and 34 tonnes of MH 

per compression stage annually. We find the system achieves a LCOH 29% lower ($3.65 /kg-H2) 

than mechanical compression and lowers TPC by half to $12.5 million. The cost of MH contributes 

to 38% of the LCOH, assuming ~2,000 absorption–desorption cycles,  which we model as a 

variable operating expense (Figure S2a). Increasing system cycling beyond 200 days per year 

(1000  tonnes/year)  plays  a  critical  role  in  determining  cost  competitiveness  (Figure  S2b). 

Increasing the nameplate capacity to 8 tpd, has the lowest impact on increasing LCOH, suggesting 

some flexibility in sizing, so long as the MH recycle rate is held constant (Figure S2c). Other than 

the annual BOH capture capacity, the material cost, durability, recyclability, and hydrogen storage 

capacity  (1–2  wt.%)  drive  system  viability.  When  considering  MH  compression  with  a 

refrigeration system that uses the BOH, instead of the integrated intercooler (refer to Figure 2), the 

refrigeration system lowers the temperature of hydrogen after the first (LP) compression stage. The 
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integration  of  refrigeration-assisted  heat  management  enhances  hydrogen  desorption  rates; 

however, due to higher capital and fixed operating costs, the overall LCOH increases compared to 

the non-refrigeration case ($3.65 vs 4.14 /kg-H2 shown in Figure 4), thereby offsetting efficiency 

gains.

(b) Hybrid MH: At 350 bar compression, a hybrid MH system leveraging two different MH 

requires 33 tonnes of Hydralloy and 42 tonnes of Ti1.6Zr0.4CrMnFeNi for the first and second 

compression stages, respectively, which means the LP and HP compressors in Figure 2 consist of 

two different MH beds. A total of 12.9 GWh thermal energy is required annually, leading to a SEC 

of 7.07 kWh(th)/kg-H2 compressed. This hybrid system still demonstrates improved compression 

performance than the mechanical compression up to 350 bar but shows a >13% increase in LCOH 

compared to the Ti1.6Zr0.4CrMnFeNi-based MH compression system ($3.65 vs 4.13 /kg-H2 shown 

in Figure 4). This increment can be attributed to the high material cost (vanadium at ~15% in molar 

ratio) and lower capacity of Hydralloy. However, if the H2 storage capacity of Hydralloy increases 

to 1.4 wt.% and the material cost goes down to $30/kg, LCOH becomes equal to that of the 

Ti1.6Zr0.4CrMnFeNi-based MH case (i.e., $3.65 /kg-H2). For such hybrid configurations, the MH 

material cost alone contributes up to 45% of the total LCOH, underscoring the significance of 

material cost and Hydrogen uptake capacity. The hybrid MH system provides the same LCOH as 

the non-hybrid with refrigeration scenario.

(c) MgH2 compression system: Based on a desorption enthalpy of 74.7 kJ/mol-H2 at a temperature 

of 524°C, for compression to 100 bar, a MgH2 system requires 43.7 tonnes of MgH2 and 19.01 

GWh of thermal energy (SEC: 10.42 kWh(th)/kg-H2 compressed) annually. At lower discharge 

pressure (100 bar), mechanical compression exhibits an LCOH of $3.24/kg-H2,  comprised of 

approximately 41% ($1.33/kg-H2) in overnight capital cost. Under the same 100 bar discharge 

conditions, MgH2-based compression achieves a lower LCOH of $2.73/kg-H2 (assuming ~800 

absorption-desorption cycles before replacement), reflecting reduced capital intensity and lower 

electricity  demand  relative  to  mechanical  compression.  This  further  underscores  the 

competitiveness of MH-based compression even for low-pressure BOH recovery applications. As 

seen in Figure 4, compression to 100 bar, potentially suitable for injection into a local pipeline, 

leads to notably lower costs than 350 bar systems, and the MH selection should be considered 
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based on the final pressure target. In  Table 1, we have summarized all the system parameters, 

thermodynamic hydrogen desorption capacity within the assumed pressure ranges of different 

MHs and the requirement of each of the MHs in each case. 

Because the MH pathway is driven by thermal energy while the mechanical and re-liquefaction 

pathways are driven by electricity, the SEC values are not directly comparable on a raw kWh basis; 

the  two  energy  carriers  differ  in  both  thermodynamic  quality  and  economic  value.  Three 

complementary bases can be used for better comparison. (i) Economic basis: the levelized cost of 

hydrogen (LCOH) already internalizes these differences by pricing electricity at $300/MWh for the 

mechanical and re-liquefaction-vaporization pathways and treating MH desorption heat as low-

grade heat. (ii) Primary-energy basis: applying the representative grid conversion efficiency and 

primary energy factor (PEF) value of 2.7 for the USA 71, the thermal SEC values for the mechanical 

and re-liquefaction-vaporization pathways correspond to 8.7 kWh (th)/kg-H2 (since mechanical 

compression  SEC  is  3.21  kWh(e)/kg-H2)  and  2.6  kWh  (th)/kg-H2 (since  re-liquefaction-

vaporization system’s SEC is, 0.95 kWh(e)/kg-H2) respectively, whereas the base case AB2 MH 

system’s thermal SEC is 6.42 kWh(th)/kg-H2. (iii) Exergy basis: electricity is essentially pure 

exergy  (quality  factor  ≈ 1),  while  the  thermal  exergy  associated  with  the  desorption  heat 

requirement for the MH system is based on its Carnot temperature factor and is dependent on the 

desorption temperatures given in Table S3 (base case Ti1.6Zr0.4CrMnFeNi desorbing at 80 °C in 

both  stages);  therefore,  the  6.42  kWh(th)/kg-H2 MH  duty  carries  ~1.1  kWh-exergy/kg-H2, 

comparable to the electrical input of re-liquefaction-vaporization (0.95kWh(e)/kg-H2), and well 

below mechanical compression.

Table 1. Thermodynamic and system parameters, no. of compression stages of different MHs used in this 
study along with the specific energy consumption (SEC) for each case.

Parameter Ti1.6Zr0.4CrMnFeNi 
(non-hybrid, 350 bar)

Hybrid:  Hydralloy 
C5  (Stage  1)  + 
Ti1.6Zr0.4CrMnFeNi 
(Stage 2), 350 bar

Ti1.6Zr0.4CrMnFeNi 
(Stage  1)  + 
Ti1.8Zr0.4CrMnFeNi 
(Stage 2), 700 bar

MgH2 (100 
bar)

Reversible 
H2 capacity 
within 
pressure 

1.5  wt.%  at  350  bar 
(sensitivity  range  1–2 
wt.%) 25,69.

Hydralloy: 1.3 wt.% at 
30  bar; 
Ti1.6Zr0.4CrMnFeNi: 

Stage  1:  1.5  wt.%; 
Stage  2:  1.2  wt.% 
(effective  working 

5.2  wt.% 
(desorption 
enthalpy 
74.7 kJ/mol-
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window 1.5 wt.%. 43,70. capacity) 25. H2) 15, 23.

Desorption 
plateau 
pressure 
window

2→30 bar → 350 bar (2 
stages)

Hydralloy:  2–30   bar 
(LP); 
Ti1.6Zr0.4CrMnFeNi: 30 
to 350 bar (HP)

Ti1.6Zr0.4CrMnFeNi: 2–
30  bar; 
Ti1.8Zr0.2CrMnFeNi: 
30–700 bar

Desorption 
at 524 °C for 
100 bar

Number  of 
beds

2  stages  (LP  and  HP 
compressor); 
refrigeration  variant 
uses  external 
refrigeration

2  different  MH  beds 
(LP and HP)

2 stages Single stage

Number  of 
cycles

~2,000  absorption–
desorption cycles

~2,000  absorption–
desorption cycles

~2,000  absorption–
desorption cycles

~800 
absorption–
desorption 
cycles 

Hydride 
mass 
required

34  tonnes  per 
stage/year

33  tonnes  Hydralloy 
(Stage 1) + 42 tonnes 
Ti1.6Zr0.4CrMnFeNi 
(Stage 2)

34 tonnes (Stage 1)  + 
42.5  tonnes  (Stage  2) 
per year

43.7 
tonnes/year

Thermal 
energy  / 
SEC

11.72  GWh;  6.42 
kWh(th)/kg-H₂

12.9  GWh;  7.07 
kWh(th)/kg-H₂

16.48  GWh;  9.03 
kWh(th)/kg-H₂

19.01 GWh; 
10.42 
kWh(th)/kg-
H₂
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3.4 Low-Pressure BOH Compression Comparison: At 350 bar, the re-liquefaction-vaporization 

system emerges as the cheapest, most scalable solution with high confidence (Figure 4, 5 and S3), 

while MH compression offers the widest range in possible future costs resulting from variations in 

market, system, and material performance. The LCOH for Ti1.6Zr0.4CrMnFeNi-based MH systems 

ranges between $2.51 to $ 5.73/kg-H2, whereas mechanical compression can go up to $7.75/kg-H2 

(Figure 4). The 350 bar re-liquefaction-vaporization system consistently yields the lowest TPC 

($15.5–$6.5M) and LCOH ($3.04–$1.32 /kg-H2) at 100% CF due to several factors. First, liquid-

phase pumping requires an order of magnitude less energy than gas-phase compression. and avoids 

hydride cost and associated material degradation entirely. Second, the cost advantage of 31% over 

the best-performing MH at 350 bar is primarily attained by the simplified equipment train, smaller 

footprint, and elimination of MH material cycling and degradation, all of which contribute to 

continuous and steady operation of BOH capture with lower maintenance overhead. Across the 

resulting LCOH distributions (Figure S3), the re-liquefaction-vaporization pathway remains the 

lowest-cost option in 96.2% of trials and is always cheaper than mechanical compression (100% of 

trials), while the complete cost ordering (re-liquefaction-vaporization <  MH < mechanical) is 

preserved in 92.8% of the Monte Carlo trials. The only reversal in technology prioritization occurs 

when favorable MH material and thermodynamic parameters (low material cost, long cycle life, 

and high uptake) coincide with an unfavorable helium price.
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Figure 4. LCOH for low-pressure compression pathways: including mechanical and MgH2 compression at 
100 bar; MH compression, mechanical compression, and re-liquefaction-vaporization system at 350 bar. 
Note re-liquefaction-vaporization system at 100 bar was estimated at $2.22 /kg-H2 but is not shown.

Decomposing the levelized cost into its overnight capital cost (OCC), fixed operating cost (FOC), 

and variable operating cost (VOC) components under the same combined uncertainty (Figure 5c–

5h) shows the robustness of the cost ranking and its dependence on each primary parameter. For 

both OCC and FOC (Figure 5c–5f), annual throughput is overwhelmingly dominant (ρ ≈ −0.86 

for OCC and −0.97 to −0.99 for FOC across all three systems); because throughput and the other 

site-level drivers are shared across pathways, the capital- and fixed-cost ordering is essentially 

deterministic, with the MH system giving (almost coinciding with the re-liquefaction-vaporization 

in most trials) the lowest OCC and mechanical compression the highest in >60% of the trials. The 

variable operating cost (Figure 5g–5h) separates the systems along technology-specific drivers: 

electricity price for mechanical compression (ρ = +0.67), hydride cycle life and material cost for 

the MH system (ρ = −0.84 and +0.45), and helium price for re-liquefaction-vaporization (ρ = 
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+0.82). Additionally, the re-liquefaction-vaporization VOC is both the lowest and the tightest of 

the three (mean ≈ $0.43/kg-H2). This is because of the lower energy demand of liquid-phase 

pumping and the complete avoidance of hydride cycling, and it is this advantage over VOC that 

ultimately makes the re-liquefaction-vaporization pathway most cost-effective even when capital 

and fixed costs are nearly tied with the MH system. These component-level trends mirror the 

deterministic CAPEX–OPEX breakdowns in Section 3.5, confirming that mechanical compression 

is penalized by high capital together with electricity- and cooling-dominated variable operating 

costs,  the  MH  system  by  material-driven  variable  and  thermal-cycling  costs,  and  the  re-

liquefaction-vaporization system benefits from uniformly low capital, fixed, and variable costs, 

making it the most cost-advantageous and economically scalable BOH compression pathway.

When considering the potential of technologies to handle variations in CF, we find that the re-

liquefaction–vaporization pathway can  tolerate intermittent  operation without  large efficiency 

penalties by first re-liquefying BOH into the liquid phase and subsequently decoupling pressure 

rise through liquid pumping and vaporization. Cryogenic liquid pumps and cold-box equipment 

operate under relatively steady thermal and mechanical conditions, leading to stable performance, 

lower mechanical wear, and reduced maintenance intensity compared with gas-phase compression. 

Where mechanical compression requires extensive piping and high-grade materials capable of 

handling  cyclic  mechanical  stresses  and  high  discharge  temperatures,  the  re-liquefaction–

vaporization system operates primarily within the liquid phase, where the required compression 

work is an order of magnitude lower due to hydrogen’s higher density and incompressibility. As a 

result, both the CAPEX and variable OPEX costs are reduced by approximately 50% and 66%, 

respectively,  compared  to  mechanical  compression  at  350  bar  discharge.  Re-liquefaction-

vaporization balances moderate CAPEX with much lower operating costs. 

The  re-liquefaction–vaporization  system model  also  demonstrates  cost  superiority  across  all 

pressures evaluated. At 100 bar, re-liquefaction-vaporization still maintains the lowest LCOH of 

$2.22 /kg-H2. From a process standpoint, MH compressors can handle intermittent operation and 

would benefit from any available on-site waste heat to offset the thermal energy requirements for 

dehydrogenation and thereby reducing the operational cost. MH-based compression offers distinct 

advantages over mechanical compression for low-to-moderate pressure applications (< 350 bar), 
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where the endothermic desorption process can be driven by low-grade or waste heat with high-

purity hydrogen delivery  24,72.  Mechanical compression is the least economical due to its high 

capital and energy burden, with significant spread in Overnight Capital Costs (Figure S3). Though 

mechanical compression is mature, high capital investment, electricity, and cooling water demand, 

and maintenance costs, make them less favorable at small-scale operations.  At the same time, due 

to  the  uncertainty  in  MH performance,  there  are  a  number  of  scenarios  where  mechanical 

compression will be cost comparable with MH, as discussed in the following section.

To test whether the technology ranking survives simultaneously unfavorable assumptions, we 

consider  the  re-liquefaction-vaporization  pathway  under  its  combined  worst  case  (80%  re-

liquefaction efficiency, operating lifetime of 20 years, and lower capacity factor (~750 tonnes BOH 

capture annually)).  Under  these combined conditions,  the re-liquefaction-vaporization LCOH 

becomes closest (3.68 $/kg-H2) to the base case MH compression (3.64 $/kg-H2), so the ranking 

(re-liquefaction ≤ MH < mechanical) is still preserved. MH becomes competitive only under 

simultaneously  favorable  hydride  cost  and  cycle  life  combined  with  available  waste  heat, 

consistent with Figure S4e.

Venting  BOH constitutes  a  direct  loss  of  recoverable  product  value,  which  can  instead  be 

monetized by deploying such BOH capture and compression systems, underscoring the relevance 

of this study for industries experiencing significant boil-off losses. Real-market benchmarks are 

provided in Figure 6, including average LH2 delivery prices in California, USA (~$10.5/kg) in 

2024 73, and projected LH2 delivery prices in Rotterdam (Netherlands), and Japan from Norway 74, 

not including dispensing costs. For the base case of 5 tpd BOH stream, if the recovered hydrogen is 

used internally at 0 $/kg (i.e. no resale), just recovering the purchased LH2 product would yield a 

payback  period  <10  years in  all  three:  mechanical,  MH  compression,  and  re-liquefaction-

vaporization.  Both the  MH compression and re-liquefaction-vaporization exhibit  consistently 

lower payback periods compared to mechanical compression across the entire hydrogen selling 

price range. At LH2 delivery prices of $5-30/kg, MH compression achieves payback periods of 5 to 

0.6 years, only marginally higher than re-liquefaction–vaporization system (3.5 to 0.5 years). For 

applications that receive cheaper LH2, both the MH compression and re-liquefaction–vaporization 

offer a more economically attractive route for BOH utilization than mechanical compression. We 
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note that including dispensing/refueling costs would only shorten the payback periods, so the 

reported delivered LH2 cost values are a conservative lower bound relative to a conventional 

refueling station.

Figure  5. Combined  probabilistic  uncertainty  analysis  of  BOH compression  at  350  bar.  (a)  LCOH 
probability densities for the three pathways with base case markers and P5–P95 intervals. (b) Global 
(Spearman rank-correlation) sensitivity of LCOH to each parameter for each system. (c, e, g) Distributions 
of the overnight capital cost (OCC), fixed operating cost (FOC), and variable operating cost (VOC), in $/kg-
H2, across the 50,000 scenarios, with (d, f, h) the corresponding rank-correlation sensitivities. Blue bars 
denote parameters whose increase lowers the $/kg-H2 BOH compression cost; red bars denote parameters 
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whose increase raises it. Plant-level drivers (annual throughput, plant life, installation and BOP factors, 
electricity price) are sampled once per trial and shared across pathways, whereas system-specific drivers 
(hydride material cost, cycle life, and uptake; helium price) are sampled independently. 

Figure 6.  Payback period for hydrogen compression at 350 bar when only considering the direct lost value 
of the LH2 in all three different pathways mentioned in this study. Example prices are for delivered liquid 
H2, not the dispensing fuel price 73,74.

3.5 Opportunities for Cost reduction: When considering opportunities for TPC and LCOH 

reductions, the cryogenic and mechanical systems hold an advantage in that cost reduction is 

readily achievable in the near term with adjustments to facility design and plant operation (Figure 

7). At the same time, these cost reductions are fairly well bound, whereas the potential for a system 

design or material breakthrough in MH research to disrupt costs is feasible.  In particular, the 

limited availability of reliable MH desorption-kinetic data, introduces large uncertainties in cycle 

time, thermal duty, and long-term degradation rates, making it less predictable than mature and 

established  mechanical  compression  systems  22,58. The  non-hybrid  MH  compression  (using 

Ti1.6Zr0.4CrMnFeNi) reduces capital intensity substantially (TPC $8–$18M, Figure 7c) and can 

achieve much lower LCOH ($4.35–$2.27 /kg-H2),  but  its  performance is  highly sensitive to 

hydride cycling life, purchasing cost, regeneration heat, MH’s hydrogen storage capacity, and 

operator requirements, reflecting intrinsic material-driven operational uncertainty. 
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Notably, a number of deployment scenarios lead to the same LCOH for mechanical and MH 

compression. For example: (i) when MH cost exceeds ~$76 /kg with <950–1000 cycles before 

complete replacements and CF drops below 33% (~600 tpy BOH capture capacity), (ii) when the 

BOH compression efficiency of MH system falls under 70% meaning only <70% of captured BOH 

gets absorbed in MH beds, (iii) when mechanical compression system operate at very high CF 

(>90% or >1600 tpy annual capacity), or (iv) when BOP costs are relatively low (<30% of major 

equipment expenses). 

As MH-based systems are tied to material cost and properties with greater uncertainty than the two 

other mechanical systems explored in this study, we present a scenario analysis to evaluate the 

impact of material-level advances on overall performance (Figure S4). Predictably, increasing MH 

hydrogen uptake to 2.0 wt.% reduces the required upfront and replacement quantities of MH and 

associated energy costs (Figure S4a). Extending the MH cycle life from 1,000 to 5,000 cycles does 

not affect energy costs, as we do not model degradation effects over time, but it does drive LCOH 

down to $2.76/kg, making cycle stability one of the most powerful cost levers in the system. As 

noted in previous TEA of MH-based systems, material price can quickly counter the economic 

viability and cost benefits for the MH-compression system (Figure S4b) 45. When these factors are 

compared in the combined panel, we find that the high MH cost (50 $/kg) and low hydrogen 

capture capacity (1.2 wt.%) yields the maximum levelized cost of $4.54/kg-H2, whereas favorable 

conditions such as high cycle life (5000 cycles), higher uptake (≥1.75 wt.%), low MH purchasing 

cost (25 $/kg), and higher BOH throughput (8 tpd) bring the LCOH drastically down to about $2.51 

/kg-H2, showcasing the economic spectrum of MH compression system. It is to be noted that at 

these optimized conditions, the LCOH of the Ti1.6Zr0.4CrMnFeNi-based MH compression system 

becomes equal to the base case re-liquefaction-vaporization system.
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Figure 7. Total plant cost (TPC) and levelized cost of hydrogen (LCOH) sensitivity analysis for three BOH 
recovery-compression pathways—(a, b) mechanical compression, (c, d) non-hybrid Ti1.6Zr0.4CrMnFeNi-
based  MH compression,  and  (e,  f)  re-liquefaction-vaporization.  Panels  (a),  (c),  and  (e)  illustrate  the 
sequential and cumulative evolution of TPC and corresponding LCOH under most critical and dominating 
design, operational, and economic scenarios, including the number of spare trains, reduced operator count 
and utility cost per unit, higher efficiency, lower MH cost or cycle-life adjustments, and reduced BOP for 
each system. Panels (b), (d), and (f) show the associated cost breakdowns into capital cost, fixed operating 
cost, and variable operating cost for each scenario.
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3.6 Comparison of BOH compression at 700 bar:  A comparison of energy and cost performance 

for 700-bar BOH compression systems reveals a similar pattern observed at 350 bar, but the 

magnitude  of  differences  becomes  more  pronounced  at  higher  discharge  pressure.  Table  2 

summarizes  the  key  energy  and  techno-economic  metrices  for  the  BOH  capture  pathways 

considered in this study; details on the LCOH breakdowns and SEC are provided in the ESI for the 

700  bar  systems  (Figure  S5). Mechanical  compression  remains  the  most  expensive  BOH 

compression pathway, with an LCOH of $6.37/kg-H2 at 700 bar, largely driven by CAPEX (49%), 

similar to the lower pressure systems (Figure 8). This reflects a sharp rise in compressor size and 

cooling requirements for >600 bar multistage compressors, confirming that mechanical systems 

scale poorly with increasing compression pressure due to higher major equipment expenses at 

larger  discharge  pressures,  higher  flow  of  cooling  water  requirement,  and  correspondingly 

increased duty of intercoolers. 

In contrast, non-hybrid MH-compression achieves an LCOH of $3.94/kg-H2 at 700 bar and again 

shows a cost advantage over mechanical systems (~38% lower LCOH), due to the elimination of 

expensive compressor hardware, thermally driven desorption, and a much smaller CAPEX (~31% 

of  overall  LCOH).  We  find  that  the  desorption  plateau  pressure  of  the  combination  of 

Ti1.6Zr0.4CrMnFeNi  (from  2-30  bar)  and  Ti1.8Zr0.2CrMnFeNi  (from  30-700  bar)  MH  enables 

reaching 700 bar in only two stages of compression; however, the mechanical system requires an 

additional compression stage, which increases the LCOH by ~$1.2 /kg-H2. However, for the 700 

bar case, as the thermodynamics of Ti1.6Zr0.4CrMnFeNi do not permit hydrogen desorption at 700 

bar below 120 °C, therefore, another low-stability alloy from the same Ti2-zZrzCrMnFeNi family 

(Ti1.8Zr0.2CrMnFeNi)  is  applied  as  it  exhibits  a  higher  plateau  pressure,  enabling  hydrogen 

desorption at nearly ~80 °C at 700 bar 25. At 700 bar, installed CAPEX for MH beds increases to 

52%, reflecting the need for high-pressure bed design with Ti1.8Zr0.2CrMnFeNi for the 2nd stage 

compression. In comparison, for the MgH2 system (100 bar), MH beds and initial fill of MgH2 

contribute to 47% and 12% of installed CAPEX. For the 350-bar base case (Ti1.6Zr0.4CrMnFeNi 

MH), MH beds contribute 43%, and the MH alloy fill contributes 19%, but in the hybrid case, the 

material cost is split between Ti1.6Zr0.4CrMnFeNi and Hydralloy at 10% and 11%, respectively. The 
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refrigeration-integrated  MH compression  system introduces  additional  refrigeration  and  heat 

exchanger costs,  contributing to 10% and 7% of total  installed CAPEX, respectively,  which 

explains why LCOH for this is higher compared to the non-refrigerated base case. 

The re-liquefaction-vaporization pathway LCOH for the 700 bar case only increases by 10% from 

$2.51/kg-H2 at 350 bar to $2.75/kg-H2 at 700 bar, mostly resulting from an increase in CAPEX due 

to an additional cryo-pumping stage. Importantly, the small jump in LCOH from 350 bar to 700 bar 

reflects the nearly linear ΔP/ρ scaling of pump power requirement. This system attains nearly 56% 

and 30% lower LCOH compared to mechanical and MH compression systems, respectively. When 

compared  with  mechanical  compression  at  700  bar,  the  re-liquefaction–vaporization  system 

retains a ~56-60% reduction of the CAPEX-OPEX contribution in LCOH, confirming that this 

system’s cost competitiveness becomes even more pronounced at higher pressures compared to the 

other BOH recovery strategies. In the cryogenic re-liquefaction-vaporization case, cryopumps and 

vaporizers contribute 13-18% of the total installed CAPEX cost for both 350 and 700 bar, while 

compressors  account  for  27-30%,  respectively.  The  remaining  cost  is  shared  among  the 

turbomachinery,  balance of plants  (piping,  electrical,  instrumentation,  and site  development), 

refrigeration  (~8%),  and  the  ortho-para hydrogen  conversion  reactor  (only  3%).  Figure  8 

establishes the previous observations that installed capital cost reduction for mechanical systems 

requires compressor stages and cooling-load reduction, and for MH compression, it demands 

optimized thermal management and refrigeration load reduction.
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Figure 8. Breakdown of the total installed capital cost (normalized to 100%) of all equipment for three 
different BOH capture-compression technologies at different operating pressures.

Table 2. Summary of different BOH capture pathways and corresponding operating pressures, energy, 
and cost ranges. In case of SEC, kWh(e)/kg-H2 and kWh(th)/kg-H2 refers to the electrical, and thermal 
energy requirements, respectively. 
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Pathway Pressure 
(bar)

LCOH 
($/kg-

H2)

SEC 
(kWh/kg-

H2)
TPC CAPEX 

contribution
Dominant 
cost driver

Mechanical 
compression

100 $3.24 2.57 (e) $15.1M ~41% CAPEX + 
cooling

350 $5.12 3.21 (e) $28.5M ~48% CAPEX + 
cooling water

700 $6.37 3.67 (e) $35.9M ~49% CAPEX + 
intercooler

Ti1.6Zr0.4CrMnFeNi 
(non-hybrid, no 

refrig.)
350 $3.65 6.42 (th) $12.5M ~30% MH material 

cost

Ti1.6Zr0.4CrMnFeNi 
+ 

Ti1.8Zr0.2CrMnFeNi 
(no refrig.)

700 $3.94 9.03 (th) $14.0M ~32% MH material 
+ cycling

Ti1.6Zr0.4CrMnFeNi 
+ Hydralloy (hybrid, 

no refrig.)
350 $4.13 7.07 (th) $12.5M. ~27%

MH material, 
Vanadium 

cost in 
Hydralloy

MgH2 100 $2.73 10.42 (th) $10.3M ~33% Cycle life + 
replacement

Re-liquefaction-
vaporization

100 $2.22 0.62 (e) $10.3M ~45% Cold-box + 
cryo CAPEX

350 $2.51 0.95 (e) $12.1M ~47% Cold-box + 
cryo-pump

700 $2.75 1.48 (e) $13.6M ~48%
Additional 
cryo-pump 

stage



Conclusion: This study provides a broad techno-economic comparison of three compression 

pathways using mechanical, metal-hydride, and re-liquefaction–vaporization-based compression 

for boil-off hydrogen recovery for different low- to high-discharge pressure ranges up to 700 bar. 

The main findings are summarized below:

a. Mechanical Compression

 The technologically mature mechanical compression consistently comes out to be the most 

capital- and energy-intensive option, making it economically feasible and cost-competitive 

only when the system is operating at a high capacity factor (>60-75%) and larger annual 

BOH throughput. 

 Mechanical compression becomes increasingly uneconomical at high discharge pressures 

and low capacity factors.

b. Metal-hydride (MH) Compression

 MH compression systems having cheaper thermally driven compressors offer significant 

advantages for this 5 tpd scale application. 

 For the 350-bar compression case, the non-hybrid non-refrigeration loop MH systems 

achieve 25–40% lower LCOH than mechanical compressors, and even further reductions 

are possible under favorable material cost and cycling conditions.

 Non-hybrid non-refrigeration loop MH-based compression helps in reducing the overall 

CAPEX burdens and offers substantial technological and cost advantages at intermediate 

scales.

 Across  the  MH  scenarios  analyzed  here,  the  non-hybrid,  non-refrigerated 

Ti1.6Zr0.4CrMnFeNi-based  MH  compression  system  consistently  achieves  the  lowest 

LCOH for  350  bar  compression,  since  it  minimizes  system complexity  by  avoiding 

additional capital and fixed operating costs associated with integrating a refrigeration loop.

 On the other hand, hybrid MH systems involving Hydralloy incur higher LCOH due to 

much more expensive hydride costs, lower effective hydrogen desorption rate, and higher 

desorption enthalpy, compared to the non-hybrid MH system. 
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These  indicate  that,  at  the  designed  scale  and  while  compressing  hydrogen  to  350  bar,  the 

simplified heat-integrated single-material (Ti1.6Zr0.4CrMnFeNi) MH architecture showcases the 

most favorable balance between thermodynamic performance and system-level economics. 

c. Re-liquefaction-vaporization

 The re-liquefaction–vaporization pathway consistently delivers the lowest LCOH across 

all pressures, enabled by liquid-phase pressurization that requires considerably less work 

than gas-phase compression.

 This architecture achieves ~50–66% reductions in the contribution of CAPEX and OPEX 

in LCOH relative to mechanical compression and maintains cost competitiveness even 

compared to optimized MH systems for the 350 bar systems. 

 The LCOH goes down by ~12% when the discharge pressure is set at 100 bar from 350 bar, 

and increases by ~10% when setting the discharge pressure from 350 to 700 bar due to the 

favorable ΔP/ρ scaling of pump power, maintaining its technology advantage.

d. Considerations and limitations for MH systems

 The economics of this material-based system are promising; however, the competitive 

advantage over cryogenic-based compression depends on the hydride material properties, 

including reversible hydrogen storage capacity, MH purchasing cost, charging-discharging 

cycles before replenishment, and regeneration heat. We note that the lack of reliable kinetic 

data during thousands of hydrogen desorption cycles, limits the cost prediction accuracy 

needed during large-scale real-world deployments.

 When considering locations with potentially limited space, such as airports, system layout, 

modularity,  and  scalability  may  play  a  strong  role  in  technology  viability.  Unlike 

mechanical systems that typically rely on variable-speed compressors and external cooling 

loops, MH systems benefit from passive thermal cycling and modular designs that can be 

tailored to variable flow rates and pressure targets. The compactness of MH beds, their 

cycling life, and material replacement frequency also influence long-term performance and 

economics.
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 Integration of renewable or waste heat sources—such as from nearby electrolyzers or 

industrial processes—can significantly improve energy efficiency and reduce operational 

costs. However, the capital-intensive nature of high-purity MHs and the requirement for 

robust  heat  exchangers  necessitate  a  rigorous  TEA assessment  to  benchmark  against 

mature mechanical systems.

Overall, the cross-system comparison confirms that the re-liquefaction–vaporization configuration 

emerges as the most cost-effective and scalable pathway for BOH recovery, especially in facilities 

with existing cryogenic infrastructure. Notably, all systems hold advantages over direct venting of 

BOH at higher hydrogen prices. Collectively, these insights provide a systematic basis for selecting 

BOH recovery technologies in stationary storage of liquid hydrogen, transfer events, and fueling 

infrastructures,  highlighting  the  potential  of  liquid-phase  pressurization  and  materials-based 

compression strategies to transform hydrogen delivery systems and minimize energy loss by 

venting  out  the  BOH.  The  700  bar  comparison  clearly  establishes  the  fundamental  physics 

governing all  three  pathways  similar  to  the  350 bar  case  but  at  a  bigger  scale:  mechanical 

compression becomes increasingly uneconomical at high pressure, MH compression performs 

better  but  highly  sensitive  to  material  cost  and  cycling  durability,  and  the  re-liquefaction-

vaporization system delivers both low CAPEX and OPEX through liquid-phase pressurization 

using additional cryo-pumping stages and better thermal management. When these are combined 

with the 350 bar TEA results,  we can see that the economic gap widens with high-pressure 

discharge,  making the  re-liquefaction-vaporization  configuration  the  more  scalable  and cost-

efficient system for high-pressure BOH recovery.
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